Abstract-Works on robotic needle steering often consider either tip-based control of flexible beveled tip needles or control of the bending of symmetric tip needles. In this paper a control law for needle steering which uses both direct manipulation of the needle base and the control of the tip deflection, is proposed. A 3D model of a beveled tip needle is used to determine the base motion that is needed to obtain the desired tip motion. The needle-tissue interaction model uses local virtual springs placed along the needle shaft and takes into account the interaction forces at the bevel. Online estimation and update of this model parameters is performed via visual feedback. The low level controller uses the task function framework to allow control of the tip velocity. Additionally duty cycling method is used if a reduction of the natural deflection of the needle tip is needed. Finally an experimental targeting task in a gelatin phantom is presented for preliminary validation of the framework. The method provided sub-millimeter accuracy on a target that would be unreachable using only tip-based control.
I. INTRODUCTION
Surgical interventions using needles have been increasingly used over the last decades. One well-known advantage of needles is the reduced trauma that they cause in the tissue. This allows non-invasive operations, thus reducing the recovery time needed after the operation. However, accurate needle steering in soft tissue remains a challenging task for the clinicians. Indeed, this surgical act is sensitive to any deformations of the tissues, target displacements or needle bending. At the same time the clinician has reduced visibility since no direct vision is possible. Naturally, the effect of mistargeting can be traumatic. It is typically the case in brachytherapy, where misplacement of the radioactive seeds can cause the destruction of healthy tissues. Robot assisted procedures can thus be a great help in this task and have been an active research field for many years [1] .
In this context, the bending of the needle was at first considered a drawback that had to be reduced. Indeed, the steering of a flexible needle requires from the clinician an even more accurate comprehension of the interaction between the needle and the tissues [1] . However, it has then been shown that using flexible needles could allow target reaching that would otherwise be unreachable by a straight line [2] . A robotic assistance of this challenging task is thus even more necessary.
Pioneer work was conducted by DiMaio et al. [3] on flexible needle steering in soft tissues. A finite element model was used to model both needle and tissues. The needle motion and tissue deformations could be predicted when the needle was moved by its base. Nevertheless, real time modeling could not be achieved because of the model complexity. A simpler framework was proposed by Glozman et al. [4] [5] . The needle-tissue interaction was there modeled only locally with virtual springs placed along the needle shaft. In both methods the needle tip trajectory is controlled by using the transverse motion of the base to deform the tissues and bend the needle. This provides a good steerability at the beginning of the insertion (low depth in tissue). However it can result in large tissue stress and possible tissue damage once the needle is deeply inserted.
From the observation that a beveled needle tends to bend when inserted [6] , most recent works mainly focus on the steering of very flexible needles using this property. It has been shown by Webster et al. [2] that the trajectory of the needle tip could be modeled by simple kinematic models, such as the unicycle or bicycle ones. Many control schemes have then been proposed using these models. In [7] sliding mode control is proposed such that the bevel is always oriented toward the target. Hauser et al. [8] use the helical trajectories obtained when simultaneously inserting and rotating the needle. When the rotation speed is large with respect to the insertion speed, straight trajectories can be obtained. The duty cycling control method [9] allows a linear control of the effective curvature of the trajectories. This facilitates the reduction of the complexity of some high level planners, such as the Rapidly exploring Random Tree planner [10] . The method was used with an online estimation of the natural curvature for a targeting task in [11] .
The basic assumption when using the kinematics models is that the needle shaft exactly follows the tip trajectory. This is the case when using a very flexible needle embedded in a hard medium. In practice, however, the tissue can be rather soft and the needles commonly used by clinicians not completely flexible. Misra et al. [12] proposed a complete mechanics based model to predict the tip deflection when the needle is inserted. Contrary to the kinematics models, this model takes into account the tissue deformations due to the bending of the needle inside the tissue. In [13] this model was simplified by adding the same virtual springs approach as in [4] and used to control the needle trajectory.
Our first contribution in this paper is the design of a model that simulates the evolution of a beveled tip needle in 3D space and in real time. The needle tissue interaction is modeled by using an extension of the virtual springs model [4] to 3D. A similar bevel model to the one proposed in [12] is added to take into account the force generated at the needle tip during insertion. The model we proposed is then used to derive the relationship between the motion of the tip and the motion of the base of the needle.
The second contribution is a new control law based on the proposed needle model. It allows the steering of the needle tip toward a desired direction. The originality of our approach is to use transverse motion control to increase the reachable region and to switch to a duty cycling method when a reduction of the natural curvature is needed, i.e when rather straight trajectories must be achieved. For the rotation along the shaft, we use sliding mode control [7] to orient the bevel in such a way that the needle tends to bend in the desired direction. We also added a secondary task to reduce the tissue deformations when possible.
The paper is organized as follows: our 3D model of the needle is presented in section II. In section III we present the different parts of our control law. Our experimental setup and results are then shown in section IV. Finally, conclusions and future works are shown and discussed in section V.
II. NEEDLE MODELING WITH VIRTUAL SPRINGS
In this section we introduce the model that we use to estimate the behavior of the needle when the motion of the base is controlled. The model proposed by Glozman et al. [4] is first extended: modifications are made in such a way that high bending angles of a 3D needle can be modeled. This allows the modeling of highly flexible needles trajectories in space. The tip model proposed by Misra et al. [12] is also combined to consider the case of a beveled tip.
A. Spring Model
The interaction between the needle and the tissue is modeled locally with N virtual springs placed all along the needle shaft. Each spring i is defined by a rest position p 0,i , a stiffness K i and a plane P i that contains p 0,i (see Fig. 1a ). The rest position of the spring corresponds to the rest location of the tissue if no needle is pushing on it. Each spring exerts a force on the needle at the location where the needle crosses the plane P i . We use here the model in a quasi-static case. So we assume that the frictional part, that is tangential to the needle, can be neglected. The springs are only used to model the normal forces F s,i applied on the needle shaft. For this, the orientation of the planes P i are constantly updated such that the exerted force stays normal to the needle. The force can thus be expressed according to
with p n,i the point of the needle which crosses the plane P i . We consider here that the tissue stiffness per unit length K T around the needle is constant all along the needle. The stiffness of each spring can thus be adapted in such a way that the equivalent tissue stiffness per unit length remains the same all along the needle, that is
where l i is the length of the needle that is supported by the spring K i .
B. Bevel tip
As proposed by Misra et al. in [12] , we choose here to model the efforts exerted at the tip with triangular loads distributed on each side of the tip. Let α be the bevel angle, β the cut angle, b the bevel length, a the length of the bottom edge of the needle and O the center of the needle located just before the bevel (see Fig. 1b ). The normal force F tip and moment M tip exerted at the point O can be expressed as
Knowing the orientation of the base frame F b (see Fig. 1a ), the orientation of the tip frame F t around the tip axis can be deduced. We choose here to assume that the torsional bending of the needle can be neglected. This way, we can obtain the orientation of F t by integrating the local rotation around the out of plane vector all along the needle.
C. Needle Model
The needle is modeled by a succession of N + 1 segments such that the extremities of the segments lay on the planes of the virtual springs, except for the needle base that is fixed and the needle tip that is free. Each segment is approximated in 3D using a polynomial curve S i (l) of order n so that
where i ∈ [1, N + 1] is the segment index and
is the position of a point of the segment at the curvilinear coordinate l ∈ [0, L i ] with L i the total length of the segment.
is a matrix containing the coefficients of the polynomial curve. In our case, real-time performance is expected: so the model complexity should be low. A third order polynomial is thus chosen, since it is the lowest sufficient order for which the mechanical equations can directly be solved.
To maintain adequate continuity properties of the needle, second order continuity constraints are added, namely defined as
The total normal force F i at the extremity of the segment i can be calculated from the sum of the forces exerted by the springs located from this extremity to the needle tip, so that where Π i stands for the projection onto the plane P i . The projection is used to remove the tangential part of the force and to keep only the normal part. This normal force introduces a constant shear force all along the segment, such that
with E the needle Young's modulus and I its second moment of area. For a hollow circular needle, I can be calculated from the outer and inner diameter [4] , d out and d in respectively, with the well-known formula
Finally the moment due to the bevel force gives the following boundary condition:
The above modeling provides a total of 12 × (N + 1) unknown variables and 12 × (N + 1) equations. Like in [4] , it is thus possible to solve this problem as a simple linear problem.
III. HYBRID CONTROL FOR FLEXIBLE NEEDLE
In this section, we propose a control law that couples both base manipulation and tip based controls for the steering of the needle. At the best of our knowledge it is the first time that a method fusing these controls is proposed. The control enables the steering of the needle tip in a desired direction, while trying to reduce the tissue deformation. When the needle is aligned with the target, duty cycling allows to straighten the trajectory and reduce the needle deflection.
Let v 
The translational velocity of the tip is thus given by
where t J b,v is the upper half part of t J b . In order to reduce the tissue deformation while obtaining the desired tip trajectory, we propose to use the redundancy formalism of the task function framework [14] . This allows considering many different tasks that have to be fulfilled by the system. These tasks are hierarchically ordered and the control law is computed in such a way that low priority tasks do not induce any perturbations on higher priority tasks.
In our case, we define three tasks. A first task e 1 of dimension 3 is used to control the trajectory of the needle tip. This task has the highest priority and is defined such thaṫ e 1 = v t . The desired behavior for this task is hereẽ 1 
A second task e 2 of dimension 1 is used for the orientation of the bevel and has a medium priority. If we do not orient the bevel, additional needle bending can be necessary to compensate for the natural tip deflection. This would increase the tissue stress and is of course not desirable. To naturally reduce the tissue deformation and needle bending that is required to steer the tip in the desired direction, the bevel should face the opposite direction. In this way, the tip axis naturally orients itself toward the desired velocity vector when the needle is simply inserted. Thereby, the second task is defined as e 2 = σ, where σ is the angle between the current bevel orientation and the orientation given by v d t (see Fig. 1c ), i.e.
We define the desired behavior of the task asẽ 2 = ω b , where ω b is given by a smoothed sliding mode controller [7] . This control law allows to steer σ toward zero and is such as:
where ω z,max is the maximum rotation speed allowed. Finally a third task e 3 of dimension 1 is used for active reduction of the tissue deformations. We give this task the lowest priority and define it as e 3 = d m , where d m is the mean tissue displacement. This is estimated using the model proposed in section II by averaging the elongation lengths of the virtual springs
where L ins is the total length of the needle that is inserted in the tissue. To obtain a smooth reduction of the tissue deformation, we choose the desired behavior of the task aṡ e 3 = −λd m , where λ is a coefficient that influences the convergence speed.
Since the optimal directions of these three tasks may be in opposition (mainly the first and third tasks), we use a singularity-robust formulation for the control law [15] [16] . This way, the final control law for the needle base motion is given by
where the + symbol stands for the pseudo-inverse operator, t J b,ωz is the sixth line of the manipulation Jacobian and J dm is the Jacobian of the mean tissue deformation with respect to the base screw vector. P 1 is here the orthogonal projection matrix operator onto the null space of t J b,v and P 12 is the projection matrix operator onto the null space of the augmented Jacobian J 12 , namely:
where I 6 is the 6 × 6 identity matrix.
B. Duty Cycling Control
The duty cycling method is used to reduce the natural curvature obtained when inserting the needle. This has been extended to 3D using different approaches in [17] and [18] . The ratio between the natural curvature K nat of the needle and the effective curvature K ef f has been shown in [9] to be linearly dependent on the duty cycle DC, i.e. the ratio between the two phases durations:
On a kinematics point of view, DC actually corresponds to the ratio between the insertion length of the phases. In our case, we define a fixed insertion length L DC for the cycles and allow the use of different insertion speeds for the two phases. This way we can avoid the infinite cycle duration obtained when DC goes to zero as stated in [18] . We use duty cycle control when the desired tip velocity v d t is almost aligned with the needle tip axis. This is detected by comparing the angle θ d between v d t and the tip axis (Fig. 1c ) with the angle θ DC that would be obtained during a cycle with duty cycle equal to zero, i.e. with an insertion phase only. θ d and θ DC are expressed as
If θ d < θ DC , it means that the needle would overshoot the current desired direction in less than a cycle length. In that case it is better to reduce the effective curvature of the needle such that it aligns with the desired direction, i.e with
Using the same approach as in [18] , we also define an accumulation angle for the rotation around the tip axis equal to σ (see eq. (14)), such that the bevel is in the adequate direction before starting the translation phase. Finally, since the needle can be bent, the optimal insertion direction of the base V b,ins may be different from the needle base axis. Here we choose to compute it as the base motion that maximizes the tip insertion in the axial direction, 
IV. EXPERIMENTAL RESULTS
In this section we present the experimental setup used to validate the control method and the results.
A. Experimental setup
A needle is fixed to the end effector of a 6 DOFs Adept Viper S650 robot. We use a stainless steel biopsy needle with internal and external diameters of 0.48 mm and 0.7 mm respectively. The length of the needle that can bend, i.e. the part that is outside the needle holder, is 12.6 cm long. The needle Young's modulus is assumed to be that of steel, i.e. 200 GPa. The insertion is done in a homemade gelatin phantom embedded in a transparent plastic container. For a validation purpose, the visual feedback is here obtained using two optical cameras. The needle is detected and tracked in real time by an image processing algorithm that we briefly introduce in the following. A white screen monitor is used to provide some light in the background and enables the observation of the needle through the gelatin. Figure 2e shows a picture of this experimental setup. The intrinsic parameters of both cameras were calibrated as well as the extrinsic parameters between the cameras. In this way, stereo-vision is used to retrieve the 3D position of the needle observed in both camera images. The accuracy of this tracking system, corresponding to the size of the pixels, is around 0.25 mm. Before the experiments, the gelatin container was removed and the shape of the needle was detected. As the position of the needle is known with respect to the robot, the transformation between the robot frame and the stereo-vision system was estimated. Note that we plan in the future to replace this visual system by a 3D ultrasound probe, thus providing directly a 3D position without the need for stereo-vision calibration.
B. Model update from visual feedback
The pose of the needle base in the model is updated using the odometry of the robot and the fact that the orientation of the bevel with respect to the robot is known at the beginning of the procedure. The needle is tracked in each image and the 3D shape of the needle that is visible in both images is computed. As the needle is clearly visible in the images, we use here a simple tracking algorithm that consists in estimating the needle shape with a third order polynomial defined by four control points. The position of the control points is updated and filtered with a Kalman filter at each image acquisition such that they follow the needle shape and its tip. We don't describe the algorithm further here because it is not the subject of this paper and it should be adapted to a more relevant imaging modality in the future.
To have a good modeling of the tissue, virtual springs must be regularly added all along the modeled needle shaft. We choose here to add a new spring when the length of the last needle segment reaches a fixed threshold of 2.5 mm. When adding a spring at the needle tip, we define the rest position of the spring at the location of the tip. This way the rest position represents the initial location of the tissue when it is just being cut by the bevel. To fit the model to the reality, this position is obtained from the real needle tip using the visual feedback.
The model also requires some parameters as inputs. The parameters related to the needle, such as its geometry and Young's modulus, are already known and should not vary significantly during the insertion procedure. The tissue stiffness per unit length K T , however, must be estimated. We propose here to do an online estimation of this parameter. The best value is computed at each image acquisition using a least square approach such that the shape of the model needle fits the measured needle shape.
C. Experiments
Four experiments were performed to validate our method. The stiffness per unit length of the model was initialized in each case with K T =10000 N/m 2 . At the beginning of each experiment, the needle is placed such that it is normal to the surface of the gelatin and its tip slightly touches it. The insertion point is shifted between the experiments in a way that the needle can not cross a previous insertion path. The needle is first inserted along a distance of few millimeters in the gelatin to allow the manual initialization of the tracking algorithm in the images. Then the insertion procedure is started and is stopped when the target is not in front of the needle tip anymore.
In a first experiment, a virtual target is defined before the beginning of the insertion such that it is aligned with the needle and placed at a distance of 8 cm from the tip. An insertion is then performed without activating the controller at an insertion speed of 1 mm/s, i.e. the needle is simply inserted along its shaft direction. The insertion is stopped when the needle tip passes the target location. Fig. 2a shows the view of the front camera at the end of the experiment. We can see that the target is missed due to the natural deflection of the needle. Fig. 3a shows the 3D lateral distance between the needle tip axis and the target. It can be seen that the needle passes almost 8 mm away from the target at the end of the insertion.
In a second experiment, the designed controller is activated. The input velocity vector v d t for the controller is chosen such that it is always pointing toward the target and has a norm of 1 mm/s:
with p tar the position of the target in the tip frame, deduced from the visual feedback. As can be seen on Fig. 3c the controller allows to reach the target with a sub-millimeter accuracy, thus validating the framework. Two other experiments were performed similarly to the previous ones, except that the target is shifted 1 cm away from the initial tip axis. For the insertion without the controller (third experiment), the target is placed in the bevel direction (opposite of the y axis on Fig.1b) such that the needle naturally bends toward the target when inserted. For the last experiment, the controller is activated and the target is placed to forms an angle of 135 degrees with the bevel direction to be sure that the controller has to rotate the needle to align the bevel with the target.
We can see on figure Fig. 2b that the target can not be reached when the controller is not active. Fig. 3b shows that the 3D lateral distance between the target and the tip axis tends to decrease but the target is finally missed by 5 mm. A pure insertion actually corresponds to a saturated duty cycling control with duty cycle DC equal to 0. Using only the natural tip deflection to control the needle is thus not enough for this targeting task because of the low curvature of the needle. Since our controller uses additional base motions, it allows to reach the target as can be seen on Fig. 2c and  2d . Fig. 3d shows that the target could also be reached with sub-millimeter accuracy. This way the designed controller allows to increase the reachable space compared to the sole use of tip-based control methods. Table I shows a summary of the final lateral targeting error between the tip and the target. Note that the axial error (in the needle direction) was under 0.2 mm for each experiment, which corresponds to the accuracy of the vision system.
V. CONCLUSIONS AND FUTURE WORK
In this paper we proposed a new control method for flexible needle steering that combines direct base manipulation and tip based control methods. The direct base manipulation control is generated thanks to the use of a 3D model of a beveled tip needle that gives the adequate motion of the needle base to obtain a given motion of the tip. An update of the model is performed online using visual feedback. The duty cycling method is jointly used to reduce the needle natural curvature and to obtain relatively straight trajectories when needed. We observed that our controller allows to obtain a good targeting accuracy and is able to reach targets that are not reachable using only tip-based control.
As a next step, the cameras will be replaced by 3D ultrasound probe to fit with the clinical context. The tracking algorithm should be adapted for ultrasound images, as for example by using the one presented in [19] . One drawback with the current formulation of the control law is that little deformation reduction is achieved when the task comes in opposition with the targeting task. Least squares optimization could be used to find a better control, but at the expense of greater computation load. We also plan to extend the update of the model to take into account the displacements of the tissues that are due to the physiological motion of the patient. 
